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Abstract

We developed and tested a technique for antomatically aligning the beams of
displaremeni-measuring interferometric gauges. The pointing of the launched
beam is modulated in a circular pattern and the resulting displacement signal
is synchronously demodulated to determine the alignment error. This error
signal is used in a control system that maintains the alignment for maxi-
mum path hetween a pair of fiducial hollow-cube corner retroreflectors, hence
minimizing sensitivity to alignment drift. The technique is tested on a de-
velopmental gange of the type intended for SIM, the Space Interferometry
Mission. The displacement signa! for the gange is generated in digital form,
and the lock-in amplifier functions of modulation. demodulation. and filtering
are all implemented digitally.

1. Introduction |

The target metrology accuracy for SIM, the Space Interferometry Mission. is
approximately 181 radian. A key element of SIM s a chuster of displacement -
measuring heterodyne interferometer gauges that monitor changes in the sep-
aration of telescope mirrors. These gauges must he linear and repeatable to
approximately 10picometer {pm) as the optical paths change by as much as
1m. One source of astrometric error is inaccuracy or drift in the orientation of
the optics that launch the X = 1.3 micron wavelength laser beam. The optics
will be mounted on the spacecraft structure, which may have a deployment er-
ror on the order of 1 milliradian and be unstable at the level of 10 microradian.
We describe a control system designed to sense and reduce initial error and
drift to approximately l0microradian and 1microradian. respectively—the
levels needed 1o meet the overall gauge requirement

The control system implements control with a lnck-in amplifier: mechanical
madulation of the launch angles (8, ¢) and synchronous demodulation of the
path-length output of the gauge. Since the STM gauges generate their output
in digital form, we implement the lock-in amplifier digitally, and use digital
fillers for the control system.

2. Path-length change due to beam tilt l
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FIGURE 1: The measurement of interest is the optical path between a pair of fiducial
hollow-cube corner retrorcflectors. For two enbe corners, as the lannch angle changes
away from paralel to the linc joining the vertices of the two cube corners, the refercnee
planc rotates so that the two perpendicniar distances become shorter, and the measured
distance hetween two corner cnbes deercases. The Iaunclier is shown as the dark-lined
haxed. L-symbol. The distance botween fiducial reflcctors is Ly, Sub-figure (A): After
striking the right reflector and returning to the the plane of lannch, the image of the
lanncher is inverted (short dashed lines). (B): The beam roturns to the uncher after
reflecting from the left reflector. The npright image has traveled 2Lo (short dashed line
ta loft of icft reflector). When the lannched beam is titted by # with respect to thie
line joining the reflector veriices. the beam follows the path of the Jong-dashed line
The misalignment by 0 corresponds to the launcher image being tilted by 0; this is
represcuied by a the tilted in (C). The ian of a nearty-pacatiel
wavefront is valid, since the displacement duc to misalignment be is small compared to
the sput radins. The distance 2L that the wavefront, travels befure reaching the aperture
at e is shortened relative to the distance 2Ly that an aligned wavefront wonld travel:
2L = g cord.

If the launch angle deviates hy # from the line to the vertex, the measured
path changes by L = Ljcosf, where Ly is the distance to the verlex. Since 8
is smuall, length changes can be approximated by AL & —-(L(,/Z)ﬂi.
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Figune 2:  The quadratic dependence on 8 was verified by
by as much as 2+ 107 radian in two axes, and simuftanc
output.

Considering the alignment error as compaosed of static misalignment # and a
fluctuation A8, path changes can be approximated by

AL = = LyfyAs. )

L 3. Implementation of control I

The outpul beam angle is mechanically modulated by angle by A8. The mea-
surement system responds hy changing an amount AL modulation frequency,
proportional proportional to misalignment 8.

anning the launch angle
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FIGURE 3: A pointing actuator mudulates the beam in a cirenlar pattern at 2.5 Hz,
with diameter 60 microradian, The fiducial enbe cornces are separated hy 70cm. The
interferometer beam cxecutes a round trip and is intecfered with the launched beam;
the interference is detected on a photodiode.  Length measurcment s based on the
heterodyne fecinique: A 100kHz frequeney shift between the fnunched beam and a
reference beam imposcs an interferometric phase shift on the detocted signal that is
proportional 1o the Jongth traversed by the beam. The phasc-meter consists of analog
filters and specialized digital hardware that converts the phase shift into displacement,
geneeating a digital signal proportional to the path length r. The two tilt angles 6
and @ are detected separately by demodulating in-phase (shown) and in quadraturc
{not skown), The blnck enclosed within the dashed lines is a digital lock-in amplifier.
A digital-to-analog converior (DAC) and high-voltage amplificr drive the piczoclcctric

actuator (PZT) with the stun of the correction signal and medulation.

Since the roodulation and correction are at frequencies below the first mechan-
ical resonance of the system, the frequency-dependence is contained entirely
in the single-pole low-pass filter. The closed-loap step response is then

ot = o (1 L) ®

L 4. Control system performance
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The gain was varied under software control within the range 10 < k < 200.
The expected drifts on SIM require & > 10.
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FIGuRe 4: Control system response tn an imposed step disturbanec in the launcher
painting. The optical lever § signal records the transicnt response and recovery, and the

correction signal shows the step change in voltage required to track the cube corner
pasition. For this tost. the filter time constant was T = 1.6+ 10 sce, and the gain was
¢ = 200. The lanncher pointing angle returned to within 1% of the imposed disturbance.
Tha large vahee of T implements a control law that. is equivalent to an integrator at most
titne-scalcs of interest.

i 5. Closed-loop stability |

The performance of the control system was measured by an optical lever con-
sisting of an external laser 52 ¢m from the launcher that strikes a mirror affixed
to the Jauncher housing, and a quadrant phatodiode adjacent (0 the laser that
intercepts the reflected heam. The processed quadrant photodiode signal pro-
vides a measure of the lanncher pointing that is independent of the cantrofled
signals.
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Fioure §:  The peak-to-peak drift over 40 hours, as measured by the optical lever,
was S urad. This is to be i with the STA
to exceed 1 grad over times of approximately | hr.
The launch angle of the optical lever was shown in separate measurements
to drift by an amount approximately the same as the ohserved drift, so we
conclude that the measured drift is an upper limit. Demonstrating the re-
quired stability will require improving the optical lever performance, possibly
by improved thermal atabilization. In addition to the drift, a relatively high-
frequency variation in pointing angle is impesed by the control system. This
variation is sinusoidal in the measured optical-path , with frequency 22/
and peak-to-peak amplitude of appraximately 3 prad; the mechanism is under
investigation. Future experiments with multiple gauges will test the absolute
pointing requirement of 10 grad.
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